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Monodisperse colloidal spheres are versatile building blocks for the fabrication of microstructures for photonic materials, sensors, and data storage devices. To obtain the desired structures, a number of techniques for self-assembly of colloidal particles have been explored over the past few years ͑Refs. 1-5 and references herein͒. As for gold composites, they are prepared, either by infiltrating a polystyrene ͑PS͒ template with gold [6] [7] [8] [9] or by convective assembly of PS microspheres and gold nanoparticles. 10 The crystal formation is usually restricted to arrays of colloidal particles with a hexagonal orientation. Theoretical calculations have shown that a hexagonal-close-packed ͑hcp͒ structure is less stable compared to the face-centered-cubic ͑fcc͒ packing for particles with a hard-sphere potential. The free-energy difference between a fcc ͑ABCABC¯͒ and hcp ͑ABABAB¯͒ is around 10 −4 kT/particle.
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The first fluid-solid phase transitions in polystyrene suspensions confined between parallel glass plates were reported by Pieranski et al. 12 and van Winkle and Murray. 13 It was shown by Monte Carlo simulations 14, 15 that confinement drastically affects the structure and the dynamical properties of the system. 16 Denkov et al. 17 and Dushkin et al. 18 signaled the evidence of small domains of square-packed particles at the boundary between the hexagonal mono-and bilayers in a cylindrical cell. The sequence of morphological transitions is the same as that observed by Pieranski et al., 12 that is, 1᭝, 2ᮀ, 2᭝, 3ᮀ, 3᭝,…, where the number denotes the number of layers and the symbol corresponds to layers of hexagonal ͑᭝͒ or square ͑quadratic͒ ͑ᮀ͒ symmetry, respectively. The alternation of layers takes place in order to maximize the packing fraction ͑⌽͒ because of the smaller height of a fcc stack with quadratic ͑100͒ layers as compared to that of a hexagonal ͑111͒ stack. 12 Our group has recently prepared and characterized PS-Au composite films deposited by convective assembly of PS and Au. 19 Here, we report on the atomic force microscopy ͑AFM͒ and scanning electron microscopy ͑SEM͒ observations of the simultaneous presence of hexagonal and quadratic arrangements of the microspheres in the top layers of PS and PS-Au films prepared by a vertical deposition method. It is believed that the formation of the layers having different arrangements as seen in our experiments is in agreement with the phase transformations predicted in systems with confined geometries. The aim of this work is thus to understand the mechanism of layering transitions in the case of the convective self-assembly on vertical substrates by using the analytic capabilities of the AFM instruments.
The vertical deposition method used in this work is similar to the method employed by Denkov et al. 17 and Gu et al. 20 and the method of Yamaki et al. 21 PS microspheres ͑510 nm͒ or a mixture of 510 nm PS and 20 or 5 nm gold colloids has been used in all the experiments. The substrate was immersed vertically in the vial containing the PS suspension in water and was kept at 55-60°C for at least 4 days.
Top-view AFM images recorded at different parts of the composite films clearly show an alternation of hexagonal and quadratic arrangements of the spheres. Figure 1 shows the AFM image of a composite film. The low magnification image ͓Fig. 1͑a͔͒ confirms that the film has a number of domains with different crystalline arrangements and orientations. The enlarged view of the area corresponding to the changing structure is given in Fig. 1͑b͒ . In the right part of this figure, a stripe of hexagonally arranged spheres is surrounded by two stripes of particles with a quadratic symmetry. The presence of a mixture of larger and smaller particles can be noticed. The figure also clearly shows the presence of both phases within a single array. We believe that this may be accounted for by the size polydispersity ͑SPD͒ that exists even to the most carefully prepared colloidal suspension. The effects of the particle size distribution on the kinetics of crystal nucleation and growth have been demonstrated both experimentally 22 and by computer simulation. It has been shown that, in a suspension with a broader SPD, the smaller particles ͑from the extremities of the SPD͒, due to their much higher diffusivity ͑which scales as R 3 ͒, are directed toward the grain boundaries. If the crystal growth rate exceeds the diffusion rates of these particles, these latter may become trapped during solidification as it seems to be the case in our experiments. 24 From these images, the change from quadratic to hexagonal and then back again to a quadratic structure would take place in the same layer. However, the surface plot ͓Fig. 1͑c͔͒ reveals that at one of the boundaries there is a difference in the height of the particles, showing that at least one transition coincides with the formation of a new layer. The mean particle height in the hexagonal areas is found to be 195.8 nm and in the quadratic areas it is 99.4 nm. The sizes of the areas having different arrangements are irregular ͑widths in the range of 4 -8 m͒ and their shapes are random. Analysis of the AFM images shows that the mean roughness of the oven-deposited films is about 60 nm and the grain height is in the vicinity of 220 nm.
The AFM image of a PS colloidal crystal without Au insertion is given in Fig. 2 . It can be seen that, while one of the scanned areas ͓Fig. 2͑a͔͒ shows a domain with an almost pure quadratic structure of the top layer, in another image, hexagonally packed spheres appear to be embedded in a quadratic crystallite ͓Fig. 2͑b͔͒. The inset in Fig. 2͑a͒ shows a magnified view of the cross section of the structure visible in the upper left corner. It reveals the presence of interlocked triangular shaped prisms with four spheres on each side. A similar pattern is shown by the SEM images of the PS colloidal crystal ͑Fig. 3͒. Figure 3͑a͒ shows a multilayer structure with more than 15 layers and Fig. 3͑b͒ reveals the alternation of the hexagonal and quadratic forms in three successive top layers. In Fig. 3͑c͒ , a succession of hexagonal-quadratic-quadratic layers is clearly seen.
Layered arrays are formed by convective transfer of particles from the bulk of suspension to the thin wetting film. Their transfer toward the meniscus is due to a pressure gradient caused by the water evaporation. 17, 23 Due to hydrostatic pressure, the thickness of the wetting film increases from the meniscus downward toward the bulk suspension. The space between the substrate and the film surface may be considered a confined area that will be filled up by successive monolayers, bilayers, trilayers, etc., in the same way as in a thin wedge. 24 The alternation of hexagonal and quadratic packings of spheres is accounted for by the finite size effects arising from the confined geometry. The complexity of the layered structure in the case of the composite, as compared to the PS colloidal crystal, is accounted for by the influence of the gold nanoparticles on the phase transformations.
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